In the present paper, a series of compaction tests have been performed to investigate the effect of fly ash content on compaction characteristics of fly ash clay mixture. Three types of fly ash and three types of clay have been used in this investigation. From the test results, it is observed that with the increase in fly ash content (0 to 25%) in the fly ash clay mixture, the value of maximum dry density decreases irrespective of type of soil, type of fly ash and type of compaction method. Fly ash content also influences significantly the optimum moisture content of fly ash clay mixture. Based on the present experimental data, a number of linear regression models have been developed to estimate the values of optimum moisture content and maximum dry density of fly ash clay mixture.
INTRODUCTION
Nowadays, it is a general trend to develop alternative improved materials by using waste materials such as fly ash with soil to replace the soft and weak soils in the field. Clayey soils are soft and sometimes unsuitable for construction of road subgrade or embankment. Fly ash, a solid waste, may be used to improve clayey soil for construction of road sub-grade. A few studies are available on engineering properties of mixtures of soil with fly ash alone. Mir and Sridharan (2013) studied physical properties and compaction behavior of black cotton soil clay mixture. Bera and Ghosh (2011) presented a regression model for the prediction of optimum moisture content and maximum dry unit weight of fine grained soil. Classification of time-dependent unconfined compression strength of fly ash treated clay was studied by Goktepe et al. (2008) . Prabakar et al. (2004) studied the influence of fly ash on the strength behavior of typical soils. They opined that fly ash addition into soil can also be effectively used as base material for roads, backfilling and improvement of soil bearing capacity of any structure. Detailed study on compaction characteristics of pond ash has been performed by Bera et al. (2007) . Bera (2014) studied the compaction characteristics of fine grained soil rice husk mixture. However, detailed study on compaction characteristics of fly ash clay mixture is scarce. In the present investigation, an attempt has been made to study the compaction characteristics of fly ash clay mixture. A number of mathematical models have been developed to predict the optimum moisture content of fly ash clay mixture (OMC mix ) and maximum dry density of fly ash clay mixture ( MDD mix ).
MATERIALS
In this investigation, three types of fly ash collected from Kolaghat thermal power station (KTPS), Badge Badge thermal power station (BBTPS) and Bandel thermal power station (BTPS) in west Bengal, India. The above three types of fly ash may be designated as KTPS, BBTPS and BTPS, respectively. Two types of artificial clay (Montmorillonite and Kaolinite) were collected from the local market in Kolkata in the month of January 2013 for performing the tests and may be designated as Clay M and Clay K, respectively. Also, one natural clay was collected from Midnapore, west Bengal, India in the month of January 2013 and may be designated as Clay N. Fig.1 shows the typical grain size distribution curve for KTPS fly ash. Table 1a presents the physical properties of three types of fly ash. From Table (1a) , it is found that the particle sizes for all three types of fly ash are mostly silt size. In accordance with ASTM 2487 (1992), the above three fly ash types may be classified as ML. 
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EXPERIMENTAL PROGRAM AND EXPERIMENTAL METHOD
To investigate the compaction characteristics of fly ash clay mixture, an experimental program has been carried out as shown in the series presented in Table 2 . In series A, compaction tests have been performed with varying compaction energies in a wide range (2700 kJ/m 3 , 594 kJ/m 3 and 300 kJ/m 3 ) and varying fly ash content (0%, 5%, 10%, 15%, 20% and 25%) to study the effect of compaction energy and fly ash content on fly ash clay mixture. A number of researchers (Daniel and Benson, 1990; Boltz et al., 1998; Bera et al., 2007; Bera and Ghosh, 2011; Bera, 2014) Ferguson (1993) reported that the maximum dry density fly ash soil mixture reduces with the increase in delay in compaction. To achieve maximum benefit, in the present investigation, each compaction test has been started just after clay and fly ash mixing. Fig. 2 shows the typical dry unit weight versus moisture content curve of clay M-KTPS mixture. From the curve, it is found that with the increase in fly ash content, the dry density of clay M-KTPS mixture decreases. This may be due to the reason that the fly ash light weight material compares to clay. Mir and Sridharan (2013) explained that the decrease of maximum dry unit weight of black cotton soil and fly ash mixture with the increase in fly ash content is mainly due to lower specific gravity and poor gradation of fly ash. Figs. 4-6 show the maximum dry density versus fly ash content curve with varying types of fly ash, types of clay and types of compaction, respectively. From Figs. 4-6 , it is found that with the increase in fly ash content maximum dry density decreases. For every case (varying types of fly ash, types of clay and types of compaction), the reason is the same as stated above, which is that the fly ash light weight material compares to clay. As a result, with the increase in fly ash content in the fly ash clay mixture, the maximum dry density of the mixture decreases.
Effect of Fly Ash Content on Optimum Moisture Content of Fly Ash Clay Mixture
Optimum moisture content is one of the key parameters for any type of compaction. Plots of optimum moisture content versus fly ash content with varying types of soil are presented in Fig.7 . From the figure, it is found that with the increase in fly ash content optimum moisture content increases in case of clay N-KTPS fly ash mixture. In case of clay M and Clay K fly ash mixture, the value of optimum moisture content decreases with the increase in fly ash content. This may be due to the reason that in case of Clay N, the value of OMC of Clay N is much lower than the value of OMC of KTPS fly ash. As a result, with the increase in fly ash content of Clay N and KTPS fly ash mixture, the value of OMC increases. In case of Clay M and Clay K, the value of OMC of KTPS fly ash is higher than that of Clay M and Clay K. As a result of increase in fly ash content the value of OMC decreases. Figs. 8 and 9 show the OMC versus fly ash content curves for Clay M-KTPS fly ash mixture with varying types of fly ash and types of compaction. From the curves, it is found that with the increase in fly ash content the value of OMC of Clay M-KTPS fly ash mixture decreases irrespective of type of fly ash and type of compaction. This may be due to the reason that the value of OMC of Clay M is much higher than OMC values of the three fly ash types (KTPS, BTPS and BBTPS).
Effect of Fly Ash Content on Degree of Saturation at OMC and MDD Fly Ash Clay Mixture
Degree of saturation at OMC and MDD is one of the important parameters for compaction of any type of soil. Benson and Boutwell (1992) reported that for clay, the optimum moisture content normally occurs at a degree of saturation of nearly 85%. Figs.10 and 11 show the plots of degree of saturation versus fly ash content curve for fly ash clay mixture with varying types of soil and varying types of fly ash, respectively. From the curve in (Fig.10) , it is found that with the increase in fly ash content, the degree of saturation at OMC increases slightly (82.9%-88.4%) in case of clay N-KTPS fly ash mixture. In case of clay M and clay K, the degree of saturation at OMC decreases with the increase in fly ash content (Fig.10) . Similar trends were found in case of degree of saturation versus fly ash content curve with varying types of fly ash for clay M fly ash mixture. From Figs. 10 and 11, it is also revealed that the degree of saturation is not affected by the type of fly ash, but is affected by the type of soil. This may be due to the reason that the degree of saturation at OMC has been calculated in terms of OMC, MDD and specific gravity of a particular clay fly ash mixture. In case of varying types of fly ash in fly ash clay mixtures for a particular compaction energy and for a particular fly ash content (%), the variation of MDD value (Fig. 4) and the variation of OMC value (Fig. 8) are negligible. As a result, the degree of saturation of fly ash clay mixture is not affected by the type of fly ash. In case of varying types of clay in fly ash clay mixtures for a particular compaction energy and for a particular fly ash content (%), the variation of MDD value (Fig. 5) and variation of OMC value (Fig. 7) are significantly large. As a result, the degree of saturation of fly ash clay mixture is affected by the varying type of soil.
MATHEMATICAL MODEL FOR OMCmix AND MDDmix OF FLY ASH CLAY MIXTURE
From the experimental results previously presented, it is found that OMC and MDD of fly ash clay mixture depends on a number of parameters such as OMC and MDD of clay, OMC and MDD of fly ash and specific gravity of the fly ash clay mixture. To get a rough idea regarding OMC mix and MDD mix in the laboratory as well as in the field by considering all the parameters, a number of empirical models have been developed herein. 
Empirical Model for OMCmix
From the experimental results (Fig. 7) , it is found that with the increase in fly ash content, the value of optimum moisture content of fly ash clay mixture decreases or increases depending on the relative values of OMC of fly ash (OMC FA ) and OMC of clay (OMC clay ). In the present investigation, two separate linear empirical models have been developed for OMC mix as follows:
In case OMC clay > Based on the 39 experimental data points, a linear model has been developed to predict OMC mix in terms of OMC clay , and fly ash content (FA). To develop the model, multiple regression analysis has been performed. Details of the regression analysis have already been presented elsewhere (Bera et al., 2005) .
̂= 12.14 × + 0.72 × + 0.45 × − 38.61…………….
(1) where, ̂= predicted value of optimum moisture content of fly ash clay mixture (%). = optimum moisture content of clay (%). ℎ = optimum moisture content of fly ash (%). = specific gravity of fly ash clay mixture (%).
Values of coefficient of determination (R 2 ) and estimated error (E s ) of Eqn. 1 are 0.98 and 0.84%, respectively, which indicates that the model is efficient enough. To investigate the significance of the model, values of F statistic of all the parameters as a whole and also t statistic for each parameter have been calculated and presented in Table (3a) . From the table, it is observed that all the parameters as a whole as well as independently have significant contribution to the model (Eqn.1). The plots of observed OMC mix versus predicted OMC mix are shown in Fig. 12 . From the plots, it is found that all the data points are within 6% error. Table ( 3b) shows the comparison of ̂m ix (predicted, using additional data not used in developing the model) and corresponding observed OMC mix and error (P E ) in percentage.
In case of OMC clay < Based on the experimental data points available in the present investigation, a linear model has been developed to predict OMC mix in terms of OMC clay , and fly ash content (FA) as follows:
̂= 104.5 − 41.49 × + 1.736 × − 0.287 × ………… (2) where, ̂= predicted value of optimum moisture content of fly ash clay mixture (%). = optimum moisture content of clay (%). ℎ = optimum moisture content of fly ash (%). = specific gravity of fly ash clay mixture (%). (Table 4 ) of (Eqn. 2). Fig. 13 shows the plots of observed OMC mix versus predicted OMC mix .
From the plots, it is found that all the data points are within 2% error.
Empirical Model for MDDmix
Figs. 14-16 show the MDD versus OMC curve for fly ash clay mixture with varying types of fly ash, types of compaction and types of clay, respectively. From Figs.14 and 15, it is found that with the increase in OMC, the value of MDD increases. From Figs. 14 and 15, it is also observed that there is a linear relationship between MDD and OMC. From Fig. 16 , it is found that with the increase in OMC, the value of MDD decreases in case of clay N fly ash mixture, whereas the value of 
Limitations
The above mathematical models (Eqns.1-4) are very helpful for construction engineers in the field for preliminary estimation of OMC mix and MDD mix within the range of specific gravity (G) 2.49 to 2.68, OMC clay in the range of 37.63% to 17.20% and MC fly ash in the range of 34.14 % to 22.49%. Beyond this range of the above parameters, users must check the equations with the help of laboratory test data.
CONCLUSIONS
Based on the results and discussion, the following conclusions can be drawn:  With the increase in fly ash content in the fly ash clay mixture, the value of maximum dry density decreases irrespective of type of clay, type of fly ash and type of compaction.  Optimum moisture content of fly ash clay mixture increases with the increase in fly ash content in case of clay N, whereas in case of clay M and clay K the value of OMC of fly ash clay mixture decreases with the increase in fly ash content.  Degree of saturation at OMC and MDD increases slightly with the increase in fly ash content in case of Clay N fly ash mixture. In case of Clay M and Clay K fly ash mixture, with the increase in fly ash content, the value of degree of saturation at OMC and MDD decreases.
 A number of linear regression models have been proposed to estimate OMC mix and MDD mix of fly ash clay mixture.  The above regression models are valid in the range of specific gravity (G), 2.49 to 2.68, OMC clay in the range of 37.63% to 17.20% and OMC fly ash in the range of 34.14 % to 22.49%.
